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Bragg scattering of polaritons by a coherent acoustic wave is mediated and strongly enhanced by
the relevant exciton states resonant with the acoustic and optic fields simultaneously. In this case, in
sharp contrast with conventional acousto-optics, the resonantly enhanced Bragg spectra reveal the
multiple orders of diffracted light, i.e., a Brillouin band structure of parametrically driven polaritons
can be directly visualized. We analyze the above scheme for polaritons in (GaAs) semiconductor
microcavities driven by a surface acoustic wave (SAW) and show that for realistic values of the
SAW, νSAW = 1GHz and Iac <∼ 100W/cm
2, the main acoustically-induced band gap in the polariton
spectrum can be as large as ∆MCac ≃ 0.6meV, and the Bragg replicas up to n = 3 can be observed.
PACS numbers: 71.36.+c, 42.65.Es, 43.60.+d
Back in 1933, Le´on Brillouin, a founder of acousto-
optics, described for the first time non-perturbative so-
lutions of the Maxwell wave equation for the dielectric
constant ε harmonically modulated by an acoustic wave
{k,Ωac
k
}, i.e., for ε = εb+δεb cos(Ω
ac
k
t−kr) [1]. Formally,
the eigenvalues and eigenstates of the above equation are
given in terms of the Mathieu functions and yield an
infinite sequence of the alternating allowed and forbid-
den energy bands in momentum space. While the energy
structure is akin to the electron energy bands, which ap-
pear in the presence of a periodic (atomic) potential, a
very particular feature of the harmonic potential is that
the forbidden energy bands, i.e., the acoustically-induced
energy gaps ∆
(n)
ac (n = 1, 2, ..) in the photon spectrum,
extremely effectively close up with the increasing energy
number n: ∆
(n)
ac ∝ (δεb)
n. This is an inherent property of
the Mathieu wavefunctions [2]. The acousto-optic science
deals with δεb = 4πχ
(2)
γ−acI
1/2
ac , where Iac is the intensity
of the acoustic wave and χ
(2)
γ−ac is a second-order non-
resonant acousto-optic susceptibility [3, 4]. The nonres-
onant acousto-optic nonlinearities are small, so that usu-
ally δεb ∼ 10
−4−10−3 (for GaAs, e.g., δεb ≃ 1.6×10
−3 for
Iac = 100W/cm
2). As a result, the conventional acousto-
optics, both fundamental and applied, attributes the
Bragg diffraction of the light field by a sound wave to the
one-phonon transition only, i.e., to the main acoustically-
induced gap n = 1 [3, 4, 5, 6].
The nonresonant acousto-optic nonlinearities, which
give rise to the acoustically-induced diffraction grating,
is due to the photoelastic effect. In sharp contrast with
this mechanism, the resonant acousto-optic effect [7, 8]
for bulk and microcavity (MC) polaritons deals with a
quantum diffraction of optically-induced, virtual exci-
tons by the coherent acoustic wave. In this case the
interaction of two “matter” waves, the excitonic polariza-
tion and the acoustic field, is much more effective than
the nonresonant photoelastic coupling of photons with
acoustic phonons. In the meantime the photon compo-
nent of optically-dressed excitons, i.e., of polaritons, can
be large enough to ensure an efficient resonant conver-
sion “photon ↔ exciton”. This explains the origin of
the resonant, exciton-mediated acousto-optic nonlinear-
ity, δεxγ−ac ≫ δεb. For GaAs-based structures at low tem-
peratures δεxγ−ac can be as large as δε
x
γ−ac ∼ 0.1. Thus
the resonant acousto-optics of polaritons deals with the
microscopic mechanism fundamentally different from the
photoelastic effect.
In this Letter we propose and calculate the acousto-
optic Bragg scattering of SAW-driven polaritons. The
MC polariton eigenstates in GaAs λ-cavities [9, 10, 11]
are relevant to the proposed Bragg spectroscopy, due
to compatibility of GaAs microcavities with the SAW
technique [12] and due to a possibility to realize one-
dimensional geometry for the resonant, SAW-mediated
interaction of two counter-propagating MC polaritons by
using νSAW <∼ 3GHz [8]. As we demonstrate below, the
Bragg spectra of MC polaritons are resonantly enhanced
by the quantum well (QW) exciton state and consist of
the well-developed multiple replicas with a robust struc-
ture.
For the acousto-optic spectroscopy of polaritons, both
resonant interactions, the exciton-photon coupling and
the interaction of excitons with the acoustic pump wave,
should be treated non-perturbatively (strong coupling
regime) and on an equal basis. Being applied to the
Bragg scattering of MC polaritons, the acousto-optic po-
lariton macroscopic equations [7] are given by
[
∂2
∂x2
+
∂2
∂z2
−
εb(z)
c2
∂2
∂t2
]
E =
4π
c2
∂2
∂t2
P + Jext , (1)
[
∂2
∂t2
+ 2γx
∂
∂t
+ ω2T −
h¯ωT
Mx
∂2
∂x2
−
2−4mxk ωT cos(Ω
ac
k t− kx)
]
P = Ω2x−γE , (2)
where E and P are the light field and excitonic po-
larization, respectively, Jext is a source of the external
optical wave necessary for the Bragg scattering problem,
h¯ωT is the energy position of the exciton line, Mx is the
in-plane translational mass of QW excitons, Ωx−γ is the
matrix element of the QW exciton – MC photon inter-
action, and 2γx = 1/T1 = 2/T2 is the rate of incoherent
scattering of QW excitons. We assume a Cartesian co-
ordinate system with the in-plane x-axis along the SAW
wavevector k, the z-axis along the MC growth direction,
and the exciton and light fields linearly polarized along
the in-plane y-axis. In this case the SAW, which has
both transverse and longitudinal displacement compo-
nents, ux and uz, is elliptically-polarized in the x-z plane
(the sagittal plane).
The SAW-induced modulation of the excitonic polar-
ization is characterized by the coupling coefficient mxk =
I
1/2
ac [|ux|/(|ux|
2 + |uz|
2)1/2]|mDPx−ac + iγsawm
PE
x−ac|, where
mDPx−ac andm
PE
x−ac are the deformation potential (DP) and
piezoelectric (PE) matrix elements of exciton – SAW in-
teraction, respectively, and γsaw = |uz|/|ux| exp(iδsaw).
The phase shift δsaw between ux and uz is nearly π/2
[12], so that both interaction channels interfere construc-
tively. However, because mDPx−ac ≫ m
PE
x−ac (for νSAW
<
∼
10GHz) and |uz|/|ux| ≃ 1.4 [13], the DP mechanism with
mDPx−ac = Dx/(2h¯
2ρv3s )
1/2 is strongly dominant over the
PE one. Here, ρ is the crystal density, vs is the SAW
velocity, and Dx is the exciton – LA-phonon DP. The
above hierarchy of the interaction mechanisms is due to
the charge neutrality of excitons: In contrast, the elec-
tron – SAW interaction is determined by the PE coupling
[13].
The z-dependent background dielectric function εb(z)
on the left-hand-side (l.h.s.) of Eq. (1) refers to a stack
of layers which form the MC structure we analyze,
i.e., a GaAs λ-cavity with an embedded InGaAs QW,
symmetrically sandwiched in between two identical Al-
GaAs/AlAs Bragg reflectors. The Bragg reflectors give
rise to the transverse optical confinement and, in the
meantime, ensure an optical coupling of the external light
wave with the in-plane polariton quasi-eigenstates. At
first, however, in order to visualize the quasi-energy spec-
trum of SAW-driven MC polaritons, we assume 100%
optical confinement (i.e., replace the Bragg reflectors by
perfect mirrors), no external light source [i.e., Jext = 0
on the r.h.s. of Eq. (1)], and no damping of the exciton
states [i.e., γx = 0 on the l.h.s. of Eq. (2)]. In this case
the polariton spectrum is characterized by the MC Rabi
frequency ΩMCx = 2(π/εb)
1/2Ωx−γ . In Fig. 1 we plot the
quasi-energy spectrum of lower-branch (LB) polaritons
in a zero detuning MC with ΩMCx = 3.7meV, driven by
the SAW of νSAW = 1GHz and Iac = 10W/cm
2.
The quasi-energy spectrum, which is calculated by the
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FIG. 1: The acoustically induced quasi-energy spectrum
of polaritons in a GaAs λ-microcavity driven by the SAW
of νSAW = 1GHz, k = 2.2× 10
4 cm−1, Iac = 10W/cm
2,
vs = 2.9 × 10
5 cm/s, and Dx = 12 eV (thin solid lines). The
initial, acoustically-unperturbed lower dispersion branch of
MC polaritons is shown by the bold solid line. The MC
Rabi energy is h¯ΩMCx = 3.7meV. The magnified energy bands
relevant to the resonant n = 2 and 3 transitions are plot-
ted in the l.h.s. and r.h.s. upper insets, respectively, for
Iac = 0 (dotted lines), Iac = 50W/cm
2 (solid lines), and
Iac = 100W/cm
2 (dash-dotted lines). The vertical dashed
lines show the boundaries of the acoustically-induced first
Brillouin zone.
method developed in Ref. [7] for bulk polaritons and can-
not be interpreted in terms of the Mathieu functions,
show the acoustically-induced band gaps ∆
MC(n)
ac ∝ I
n/2
ac ,
due to the n = 1, 2, ... – phonon-assisted transitions. Be-
cause the energy of SAW phonons is very small, hνSAW ≃
4.1µeV only, the acoustically-induced spectral gaps re-
fer to the in-plane counter-propagating MC polariton
states {nk/2, ωMCLB (nk/2)} and {−nk/2, ω
MC
LB (nk/2)} (see
the nearly horizontal arrows in Fig. 1), where ωMCLB (p‖)
with p‖ = ±nk/2 is the LB solution of the disper-
sion equation c2p2‖/εb + ω
2
T − ω
2 = (ωΩMCx )
2/(ω2T +
h¯ωTp
2
‖/Mx − ω
2). The main acoustically-induced band
gap in the LB spectrum is given by ∆MCac ≡ ∆
MC(n=1)
ac =
2|mxk|ϕ
MC(k/2), where ϕMC(k/2) = (ΩMCx )
2/{(ΩMCx )
2 +
4[ωT − ω
MC
LB (k/2)]
2} is the excitonic component of the
polariton states p‖ = ±k/2 resonantly coupled via one-
SAW-phonon transition. Even for modest SAW intensi-
ties the main gap is large, so that ∆MCac ≫ hνSAW. For
3example, Iac = 100W/cm
2 yields ∆MCac /h ≃ 130GHz.
Note, that the conventional acousto-optics deals with the
acoustically-induced stop gap ∆γ−ac less than the SAW
frequency (usually, ∆γ−ac <∼ 100MHz) [4, 12]. Fur-
thermore, the acoustic band gaps associated with the
two- and three-phonon transitions in the MC polariton
spectrum are also well developed, so that ∆
MC(n=1)
ac :
∆
MC(n=2)
ac : ∆
MC(n=3)
ac = 1 : 0.08 : 0.03 for Iac =
100W/cm2 (see the insets of Fig. 1). This is in a sharp
contrast with the traditional acousto-optic schemes of the
Bragg scattering. All the above features of the quasi-
energy spectrum of SAW-driven MC polaritons are due
to the resonant, exciton-mediated acousto-optic suscep-
tibility.
Due to the periodicity of the acoustic wave, the quasi-
energy spectrum can also be interpreted in terms of an
extended Brillouin zone, with the band boundaries at
p‖ ≃ ±nk/2. The first acoustically-induced Brillouin
zone is shown in Fig. 1 by the vertical dashed lines. The
energy band boundaries, where the spectral gaps arise
and develop with increasing Iac, can be probed in Bragg
scattering, by changing the incidence angle α of the exter-
nal optical wave. At this point we return to Eqs. (1)-(2)
applied to a realistic MC structure with the Bragg reflec-
tors consisting of 34 alternating AlAs and Al0.13Ga0.87As
λ/4-layers. The MC polariton quasi-eigenstates can now
be excited by the external light field, Einc = E
(0)
ince
−iωt
[due to the Jext-term on the r.h.s. of Eq. (1)], and can
decay or scatter into the external electromagnetic modes.
In order to calculate the SAW-induced Bragg diffrac-
tion of optically excited MC polaritons, we use the Green
function technique developed in Ref. [14]. Because the
in-plane wavevector p‖ is conserved in the propagation
of the light field through an optically transparent pla-
nar structure, one defines the MC photon Green function
g(z, z′;ω) by the equation:
d2
dz2
g(z, z′;ω) + κ2g(z, z′;ω) = −4πδ(z − z′) , (3)
where κ2 = (ω/c)2εb(z) − p
2
‖. The function g(z, z
′;ω),
which satisfies the Maxwellian boundary conditions, is
evaluated numerically with the use of εb(z) relevant to
the MC structure we analyze. As a next step, we
substitute in Eqs. (1)-(2) a Fourier expansion of the E
and P fields in terms of the in-plane quasi-wavevector
p‖+ℓk and quasi-frequency ω+2πℓνSAW, and evaluate the
SAW-mediated acousto-optic susceptibility matrix χℓ,ℓ′ :
Pℓ =
∑
ℓ′ χℓ,ℓ′Eℓ′ (ℓ = 0,±1, .., i.e., ℓ = ±n corresponds
to the n-phonon transition). The acoustically-induced
polarization harmonics Pℓ give rise to the Bragg signal:
Eℓ = E
(0)
ℓ + q
2
ℓ
∫
dz′g(z, z′, ωℓ)
∑
ℓ′
χℓ,ℓ′Eℓ′(z
′) , (4)
where q2ℓ = (ω + 2πℓνSAW)
2/c2, Eℓ = Eℓ(z) is the sig-
nal light field, and E
(0)
ℓ = E
(0)
ℓ (z) is the incoming light
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FIG. 2: The Bragg spectra of SAW-driven MC polaritons.
The incident optical wave excites the MC polariton states at
the r.h.s. boundary of the acoustically-induced first Brillouin
zone (see Fig. 1), i.e., p‖ = k/2 and α = αB ≃ 8.2
◦. (a) The
reflection coefficient |r(ω, Iac)|
2 of the optical wave against the
frequency ω. The thick solid line shows the initial polariton-
mediated MC reflectivity for Iac = 0 and γx = 10µeV. The
thin lines refer to |r(Iac=10W/cm
2)|2 for spectral vicinity of
n = 1 SAW-phonon transition. Inset: |r|2 for spectral vicinity
of n = 3 SAW-phonon transition. (b) The −1 and −3 Bragg
diffraction replicas normalized to Iopt. The l.h.s. inset: −1
Bragg replica calculated by using the nonresonant χ
(2)
γ−ac. The
solid, dashed and dotted lines refer to the excitonic damping
h¯γx = h¯/T2 = 5, 10, and 30µeV, respectively.
field induced by Einc. The field E
(0)
ℓ (z) is calculated by
using the photon Green function defined by Eq. (3). The
integration on the r.h.s. of Eq. (4) is over the QW thick-
ness, so that one can approximate Eℓ′(z
′) by Eℓ′(z
′=0).
The latter amplitude is evaluated from Eq. (4) by putting
z = 0. Finally, the outgoing, diffracted field Eℓ is calcu-
lated from the completely defined r.h.s. of Eq. (4).
The Bragg angle ΘB corresponds to the effective
SAW-induced diffraction of MC polaritons with p‖ =
±k/2 and is given by sinΘB = [k/(2kopt)]{1 −
[(vsk)/(8εbωT)][(ck)/Ω
MC
x ]
2} ≃ k/(2kopt), where kopt =
4ω/c is the wavevector of the external optical wave. In
Fig. 2a we plot the reflection coefficient |r(ω, Iac)|
2 of the
incoming light incident at angle α = ΘB on the SAW-
driven MC (νSAW = 1GHz). In this case the r.h.s.
boundary at p‖ = k/2 of the acoustically-induced first
Brillouin zone is probed (see Fig. 1). In the vicinity
of ω = ωMCLB (k/2), with increasing Iac the reflectivity
changes its single-line shape for Iac = 0 (the initial re-
flection spectrum is shown in Fig. 2a by the bold solid
line) to a high contrast double-line shape with the sep-
aration ∆MCac between two dips. Furthermore, a similar
double-line structure, which refers to the three-phonon-
assisted transition, appears and develops with increasing
Iac for the reflectivity at ω ≃ ω
MC
LB (3k/2) (see the inset of
Fig. 2a). Because the wavevector band −k/2 ≤ p‖ ≤ k/2
can also be interpreted in terms of the SAW-induced re-
duced Brillouin zone, the incident optical wave probes the
odd-order SAW-induced energy gaps (the areas marked
in Fig. 1 by large solid and dashed circles refer to the
n = 1 and 3 transitions). The corresponding frequency-
down-shifted −1 and −3 Bragg replicas give rise to the
outgoing optical signal and are plotted in Fig. 2b. The
camel-back shape of the replicas follow the band gaps
∆MCac and ∆
MC(n=3)
ac , respectively. In Fig. 3a, |r(ω, Iac)|
2
is shown for α ≃ 2ΘB, so that the r.h.s. boundary at
p‖ = k of the second (extended) Brillouin zone is probed.
The corresponding −2 Bragg replica is plotted in Fig. 3b.
In Figs. 3c-3d we show the energy separation between two
spikes in the −1 and −2 replicas. The separation is equal
to ∆MCac ∝ I
1/2
ac and ∆
MC(n=2)
ac ∝ Iac, respectively.
Bragg diffraction, due to the nonresonant χ
(2)
γ−ac, has
been observed for an optical wave guided by SAW-
driven semiconductor layers [15, 16, 17]. The one-phonon
diffraction replica −1, calculated for the GaAs-based MC
with the use of χ
(2)
γ−ac, is plotted in the l.h.s. inset of
Fig. 2b. In this case the acoustically-induced main stop
gap in the MC photon spectrum is very small and com-
pletely screened by the radiative damping, so that it can-
not be seen in the Bragg signal as a camel-back structure.
Note that the SAW intensities Iac we discuss are much
less than those used to acoustically ionize, by the piezo-
electric effect, the excitons in GaAs structures [18, 19].
For the analyzed scattering of MC polaritons by
the SAW, the Klein-Cook parameter [4] Q = Q(ω),
which distinguishes the Raman-Nath (transmission-type)
regime from the Bragg (reflection-type) mode, is given
by Q = vpol(h¯/γpol)(k
2/kopt). Here, vpol(ω) and γpol(ω)
are the MC polariton velocity and damping, respectively.
For the case analyzed in Figs. 1-3, Q ≃ 6.5≫ 1, i.e., our
theory does deal with the Bragg diffraction regime.
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FIG. 3: The Bragg spectra of SAW-driven MC polaritons for
n = 2 transition. (a) The reflection coefficient |r(ω, Iac)|
2
for α = 16.8◦ (p‖ ≃ k and ω ≃ ω
MC
LB (k), see Fig. 1),
νSAW = 1GHz and Iac = 40W/cm
2. (b) The frequency-
down-converted −2 Bragg replica. The solid, dashed and dot-
ted lines refer to the excitonic damping h¯γx = h¯/T2 = 5, 10,
and 30µeV, respectively. (c)-(d) The SAW-induced spike sep-
aration, i.e., the band gaps ∆
MC(n=1)
ac and ∆
MC(n=2)
ac , against
Iac.
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